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Density is a fundamental characteristic of solids. When specifically measured it has been found to be a strong function of synthesis conditions for many materials prepared in thin film form. Some examples include diamond-like carbon, 1 metals, 2 silica, 3 and amorphous silicon. 4 The methods to measure thin film density can be placed into three categories each having limits to its ultimate accuracy. The first is the direct weighing of a film of known area and thickness. Here uncertainties in the three separate measurements of thickness, area, and total mass are compounded. Alternatively, a property that depends on density is measured, and the film density indirectly inferred. A prominent example is x-ray reflectivity where the critical angle for reflection is related directly to density. 5 This type of technique requires either calibration standards, or careful mathematical modeling of physical processes ͑or both͒, with their attendant difficulties. In the third category are compound methods where the total coverage of material in the thin film, for example measured by Rutherford backscattering spectrometry, is divided by film thickness. These methods depend on accurately measuring the total radiation dose, as well as on knowing the solid angle of detection for the scattered or emitted radiation.
Neutron interferometry [6] [7] [8] [9] falls into the third category with some important differences. The product of the thin film density and the film thickness is calculated from the phase shift of the neutron beam passing through the sample. Measurement of this phase shift is very accurate and neither requires knowledge of the total neutron dose nor of a solid angle for detection. In this way two potential sources of uncertainty are removed. Furthermore, only simple curve fitting ͑sinusoidal and parabolic͒ is required, without reliance on thin film standards, making neutron interferometry a good potential candidate for absolute thin film density determination. Combined with an independent measurement of the film thickness, the density of the film can be determined from the neutron phase shift. This is done by applying the following:
where ⌬ s is the phase shift, N is the atom density of the sample, b is the coherent neutron scattering length of the thin film material, is the incident neutron wavelength, and t effective is the effective sample thickness ͑i.e., the path length traversed by the neutron beam͒. When the sample consists of a thin film on a substrate a second measurement is necessary to determine the phase shift from the substrate alone. In most instances the phase shift can be measured within a relative expanded uncertainty of 0.01% or better. The magnitude of this phase shift is directly dependent on the wavelength and its attendant uncertainty. To eliminate this complication, nondispersive ͑i.e., wavelength independent͒ neutron interferometry 10, 11 was employed. The experiments were performed on a silicon-singlecrystal, three-bladed, Laue-Laue-Laue type interferometer ͑Fig. 1͒. The beam enters the interferometer from the top of the diagram where it is split into two coherent beams by Bragg diffraction from ͑111͒ silicon lattice planes of the splitter blade. The sample is placed in one arm of this split beam such that the sample surface is parallel to the ͑111͒ planes in the interferometer blades, that is, in the nondispersive position. After one beam passes through the sample, the two beams reflect off the ͑111͒ planes in the mirror blade and are recombined in the mixer blade after which they reach the detectors creating sinusoidal intensity oscillations as a function of angular position of the phase shifter, ␦. 
͑2͒
Thus, the atom density of the sample N depends only on the measured phase shift ⌬ s , the ͑111͒ interplanar spacing of silicon, the coherent neutron scattering length of the thin film material, and the true sample thickness. The phase shift can be very accurately measured. The lattice constant for silicon is a well-known quantity 12, 13 and the scattering lengths of carbon, deuterium, and hydrogen ͑the constituents of the deuterated polystyrene thin film͒ are also well known. 14 The challenge in measuring the phase shift in the nondispersive geometry is the need to place the sample surface parallel to the silicon ͑111͒ planes of the interferometer. This angular alignment is termed ⑀, and ⑀ 0 is the term given to the nondispersive sample position that allows Eq. ͑2͒ to be applied with assurance. To insure that this condition is met, the sample is placed in one arm of the interferometer close to the nondispersive position, an interferogram is taken by varying ␦, and the phase shift due the sample is measured. Then the sample is translated, without rotation, to the other arm of the interferometer, and a second phase shift, opposite in sign to the first, is measured. When this difference between these two phase shift values, ⌰, is a minimum ͑as shown in Fig. 2͒ the sample, when placed in either arm of the interferometer, is in the nondispersive position and the following applies:
⌰ϭ4dNbt. ͑3͒
A polymer was chosen to demonstrate this technique because homogeneous thin films, with a well-defined chemical composition, could be prepared by spin coating ͑from hydrogenated toluene͒ with subsequent annealing to remove residual solvent ͑125°C, 2 h, under vacuum͒. Deuterated polystyrene was used due to the large bound coherent scattering length of the deuterium nucleus which enhanced the phase shift arising from the polymer thin film. The substrates were silicon ͑100͒ wafers, approximately 400 m thick, from which the native oxide had been removed using buffered oxide etch. Figure 2 shows ⌰ as a function of ⑀ for a deuterated polystyrene thin film supported on a silicon substrate as well as for the silicon substrate alone. It can be shown that for small ⑀ the shape of this curve is parabolic 11 and is fit as such in Fig. 2 . A value of 8.64 ͑14͒ mrad was found for ⑀ 0 which leads to a difference in the phase shift between the film plus substrate, and that of the substrate alone, ⌬⌰, of 0.400 ͑2͒ rad. ͑Throughout the text numbers in parentheses give the combined standard uncertainty.͒ This value can then be substituted for ⌰ into Eq. ͑3͒ to determine the density of the thin film. Figure 3 shows the x-ray reflectivity curve for the particular thin film whose neutron interferometry measurement is given in Fig. 2 . The reflectivity was performed with copper K␣ 1 radiation (ϭ0.1540 nm) having a wavelength spread, ⌬/, of 1.3ϫ10
Ϫ4 and a beam divergence of 5.8ϫ10 Ϫ5 rad. The interference fringes apparent in the figure are a sensitive measure of the film thickness. Calculation of the film thickness, 15 shown by the solid line, gave a value of 521.0 ͑0.6͒ nm for this film.
Applying Eq. ͑3͒ using, in addition to the measured phase shift and measured film thickness, a value of FIG. 3. X-ray reflectivity from the polystyrene thin film supported on its silicon substrate. The log 10 of the reflectivity is plotted vs the momentum transfer of the reflected x-ray normal to the sample surface, q. The interference fringe spacing is a sensitive measure of the film thickness. The solid line is an exact calculation of the fringe spacing used to determine the film thickness. Some representative uncertainties for the data are given. 0.313 560 06 ͑3͒ nm for the silicon ͑111͒ spacing, 12, 13, 16 the bound coherent neutron scattering lengths of 6.671(4)ϫ10 Ϫ13 cm for deuterium, Ϫ3.7406(11) ϫ10 Ϫ13 cm for hydrogen, and 6.6460(12)ϫ10 Ϫ13 cm for carbon 14 normalized by the measured film composition 17 ͑yielding 6.5544(43)ϫ10 Ϫ13 cm for the polystyrene under study͒, the atom density of the deuterated polystyrene thin film was found to be 9.339(48)ϫ10 22 atoms/cm 3 ͑ϳ0.5% combined standard uncertainty͒. This value is 3.2% lower than the bulk density of ͑hydrogenated͒ polystyrene. 18 ͑The possible change in atom density ͑not mass density͒ due to deuteration has not been explicitly considered͒. Earlier work on the same polystyrene, prepared in the same fashion, using twin neutron reflectivity 19 found the value for thinner films ͑6.5-75.0 nm͒ to be equal to the bulk value but only to within a few percent due to measurement uncertainty primarily found in the data fitting. Thus, neutron interferometry is envisioned as a way to create more accurate thin film density standards which can be used in the calibration of many types of instruments.
Finally, the accuracy of the measurement could be enhanced by using a substrate made of a zero-phase-shift alloy, that is, an alloy comprised of elements having positive and negative neutron scattering lengths such that the overall scattering length ͑and, therefore, phase shift͒ is zero. In this way a separate measurement of the substrate phase shift would not be necessary and thinner films could be measured because uncertainty due to the substrate would be absent.
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